INTRODUCTION
============

Adenosine is a naturally occurring breakdown product of adenosine triphosphate (ATP), which is hydrolyzed and dephosphorylated to produce adenosine. It may be produced inside the cells (intracellular) by the action of enzyme 5′-nucleotidase on 5′-AMP. On the other hand, adenosine in the extracellular space is formed by the action of enzyme ecto-5′ nucleotidase \[[@B1]\]. Apart from a simple degradation product, adenosine produces multiple physiological effects such as regulation of blood flow, heart rate and heart contractility through activation of different adenosine receptors \[[@B2][@B3]\]. Four types of adenosine receptors, A~1~, A~2A~, A~2B~ and A~3~ have been identified and all are G-protein coupled receptors. The A~1~ and A~3~ are G~i~-coupled receptors that inhibit adenylyl cyclase activity and cAMP production; whereas, A~2A~ and A~2B~ are G~s~-coupled receptors that activates adenylyl cyclase and cAMP production. Furthermore, A~2B~ receptors also couple to G~q~ proteins to activate phospholipase C \[[@B4][@B5]\]. Adenosine receptors are widely expressed in the body. The A~1~ receptors are highly expressed throughout the CNS, heart muscles and in inflammatory cells \[[@B6]\]. The A~2~ receptors are located in pre- and postsynaptic nerve terminals, mast cells, heart (smooth muscle and endothelial cells) and in circulating leukocytes. A~3~ receptors are found in the heart (endothelial cells of the aorta, smooth muscle cells), kidney, testis, mast cells, eosinophils, neutrophils and in brain cortex \[[@B1][@B7]\].

Ischemic preconditioning is a powerful tool in which brief episodes of ischemia and reperfusion protect the heart from subsequent prolonged ischemia \[[@B8]\]. Various authors have demonstrated that adenosine may be involved in ischemic preconditioning \[[@B9][@B10]\]. During ischemic preconditioning, the increased level of adenosine in coronary blood samples (venous and arterial) and in perfusate samples from the heart has been reported \[[@B11][@B12][@B13]\]. Moreover, the key role of adenosine has also been elucidated in remote ischemic preconditioning, which is a phenomenon in which brief episodes of ischemia to organ other than heart (remote organ) confers protection to heart \[[@B14][@B15]\]. To elucidate the mechanisms involved in adenosine mediated cardioprotection in ischemic as well as remote preconditioning, scientists administered adenosine exogenously in the form of adenosine preconditioning (pharmacological preconditioning) \[[@B16]\]. Scientists have employed selective agonist and antagonists of different adenosine receptors to explore the mechanisms involved in adenosine preconditioning ([Table 1](#T1){ref-type="table"}). Studies have shown that adenosine induces cardioprotective effects by various mechanisms that include activation of K~ATP~ channels \[[@B17][@B18][@B19]\], increase in antioxidant enzymes (glutathione peroxidase, catalase) \[[@B20][@B21]\], interaction with opioid receptors \[[@B22]\], various kinases (PKC, MAP Kinase, MEK 1, ERK 1/2 and tyrosine kinase) \[[@B23][@B24][@B25][@B26][@B27][@B28]\] and increase in nitric oxide level \[[@B19]\]. The present review describes these mechanisms involved in adenosine-induced preconditioning.

RELEASE OF ADENOSINE IN ISCHEMIC AND REMOTE PRECONDITIONING
===========================================================

It is very well documented that there is a release of adenosine during ischemic preconditioning, which plays a key role in inducing cardioprotection \[[@B11][@B29]\]. It is shown that first 5 min after its endogenous release (or its exogenous administration) are very important and this short period serves as an important time window for inducing cardioprotection \[[@B30]\]. It is also reported that intracellular formation of adenosine from breakdown of ATP is significant in triggering cardioprotective actions of ischemic preconditioning. On the other hand, it is stated that extracellular formation of adenosine using ecto-5′-nucleotidase plays a negligible role in preventing ischemic injury to heart \[[@B31]\]. It is also shown that there may be activation of the vagal system during ischemic preconditioning \[[@B32]\], which may be important in increasing the intracellular levels of adenosine \[[@B33]\].

There have a number of studies showing that remote preconditioning-induced cardioprotective effects may also be mediated through release of adenosine. Scientists have employed different strategies to elucidate the role of adenosine in remote preconditioning such as employment of specific adenosine receptor antagonists before remote preconditioning stimulus \[[@B34][@B35]\] or employment of transgenic animals with targeted ablation of A~1~ receptors \[[@B36]\]. The attenuated effects of remote preconditioning in such type of transgenic animals or in the presence of adenosine blockers provide the evidence that adenosine plays a key role in remote preconditioning \[[@B15]\]. Leung et al. demonstrated that coronary effluent, collected from isolated perfused rabbit hearts following ischemic preconditioning stimulus, is capable of producing cardioprotection in another animal in the form of remote preconditioning. However, adenosine receptor blocker abolished remote preconditioning effects of coronary effluent suggesting adenosine may be the cardioprotective humoral factor, which may be transferred via coronary effluent \[[@B37]\]. Based on these studies, scientists have proposed that adenosine is the key humoral factor, which is released in the blood during remote preconditioning episodes.

ADENOSINE (PHARMACOLOGICAL) PRECONDITIONING
===========================================

Exogenous administration of adenosine (or adenosine receptor agonists) in the form of pharmacological preconditioning has also been shown to mimic the cardioprotective effects of ischemic and remote preconditioning \[[@B20][@B21][@B38]\]. A study from our laboratory demonstrated that administration of adenosine in rats attenuates ischemia-reperfusion-induced injury in isolated rat heart on Langendorff system \[[@B16]\]. Intravenous administration of adenosine is shown to protect the heart injury following intestinal ischemia reperfusion injury in rats \[[@B39]\]. A potential advantage of pharmacological preconditioning over ischemic preconditioning is that exogenous administration of pharmacological agents (say adenosine) may elicit preconditioning like effects in situations, where the efficacy of ischemic preconditioning is reduced. It is well documented that the cardioprotective effects of ischemic preconditioning are significantly abolished in angina pectoris and in diabetic patients. However, a clinical study of Shehata demonstrated the efficacy of adenosine preconditioning in patients suffering from diabetes mellitus and stable angina pectoris. Intracoronary administration of adenosine (100 µg/stented vessel) was shown to attenuate cardiac injury in diabetic patients (n=100) with chronic stable angina undergoing elective percutaneous coronary intervention \[[@B40]\].

MECHANISMS INVOLVED IN ADENOSINE PRECONDITIONING
================================================

Opening of K~ATP~ channels
--------------------------

There have been a number of studies documenting that adenosine produces its cardioprotective effects through K~ATP~ channels. Baxter and Yellon reported that A~1~ receptor-induced cardioprotection is mediated through opening of K~ATP~ channels. Pretreatment of rabbits with CCPA (A~1~ receptor agonist) (0.1 mg/kg i.v.) 24 h before 30 min of coronary artery occlusion and 120 min of reperfusion reduced myocardial infarct size. Treatment with glibenclamide (0.3 mg/kg) or 5-HD (5-hydroxydecanoate) (5 mg/kg) (K~ATP~ channel blockers) completely abolished the cardioprotective effect of CCPA suggesting that K~ATP~ channel opening mediates A~1~ receptor-induced cardioprotection \[[@B17]\]. Tracey et al elucidated the role of K~ATP~ channel opening in A~3~ receptor mediated cardioprotection. Perfusion of isolated rabbit heart with selective A~3~ receptor agonist CB-MECA (N^6^-(3-chlorobenzyl)-5-N-methylcarboxamidoadenosine) before 30 min of regional ischemia and 120 min of reperfusion, produced the infarct limiting effects. Pretreatment with dose dependent A~1~ receptor antagonist (BWA 1433) (50 nM) did not alter the infarct limiting effect of CB-MECA, confirming that CB-MECA elicited the infarct limiting effect via A~3~ receptor activation. Furthermore, pretreatment with glibenclamide and 5-HD abolished the infarct limiting effects of A3 receptor agonist (CB-MECA). This suggests that A~3~ receptor activation produces infarct limiting effect via opening of K~ATP~ channels \[[@B18]\].

There have been other reports elucidating the key role of K~ATP~ channel opening in adenosine receptor mediated cardioprotection. Takano and coworkers demonstrated that pretreatment with CCPA (A~1~ receptor agonist) or IB-MECA (A~3~ receptor agonist), 24 h before 30 min of coronary artery occlusion and 72 h of reperfusion in conscious rabbits reduced the infarct size. There was no effect of CGS-21680 (A~2A~ receptor antagonist) suggesting that A~1~ and A~3~ receptors (not A~2A~ receptors) are involved in late phase of ischemic preconditioning. Treatment with 5-HD immediately before 30 min of coronary artery occlusion, completely abrogated the infarct limiting effect of CCPA and IB-MECA. This revealed that A~1~ and A~3~ receptor activation produced cardioprotective effects via K~ATP~ channel opening \[[@B19]\]. A study of Gopalakrishnan also reported that treatment of guinea pig bladder cells with adenosine opens K~ATP~ channels in same way as treatment with P1075 (K~ATP~ channel opener) \[[@B41]\], further supporting that adenosine produces effects via opening of K~ATP~ channels. Yang et al demonstrated that perfusion of mouse hearts with adenosine (100 µM), as pharmacological preconditioning, significantly attenuated ischemic injury by preserving the surface expression of K~ATP~ channels subunits. Preconditioning with adenosine significantly prevented ischemia-induced decrease in sarcolemmal K~ATP~ channel expression and internalization of K~ATP~ channels to endosomal compartments \[[@B42]\].

Activation of antioxidant mechanisms
------------------------------------

Adenosine may also produce its cardioprotective effects by increasing the levels of antioxidant enzymes. Dana et al reported an increase in Mn-SOD (Manganese superoxide dismustase) activity in response to A~1~ receptor activation. Pretreatment of rats with A~1~ receptor agonist (CCPA) (75 mg/kg *i.v.* bolus), 24 h before 35 min of regional ischemia and 2 h of reperfusion, decreased the infarct size. The infarct limiting effect of CCPA was abolished by AS-ODN (antisense oligonucleotides to Mn-SOD) revealing that A~1~ receptor activation enhances the Mn-SOD activity to produce cardioprotective effects \[[@B20]\]. Hochhauser et al. demonstrated that perfusion with CCPA (A~1~ receptor agonist) and CI-IB-MECA (A~3~ receptor agonist) before ischemia-reperfusion increased that levels of antioxidant enzymes including SOD, catalase and glutathione peroxidase. It suggests that A~1~ and A~3~ receptor activation may increase the level of antioxidant enzymes to produce cardioprotection \[[@B21]\]. Other studies have also shown that adenosine receptor activation increases the antioxidant levels. Husain and Somani demonstrated that treatment of rats with A~1~ receptor agonist, R-phenyl isopropyl adenosine (R-PIA), increases the levels of SOD, catalase, glutathione peroxidase and reduced glutathione. Furthermore, pretreatment with theophylline (non-selective adenosine receptor blocker) blocked R-PIA-induced increase in antioxidant enzyme levels, suggesting that adenosine receptor activation increases the antioxidant enzyme levels \[[@B43]\]. In another study, it is demonstrated that treatment of cultured endothelial cells and cardiomyocytes with R-PIA (A~1~ receptor agonist) increases the levels of SOD, catalase and glutathione peroxidase. Pretreatment with theophylline reversed R-PIA-induced increase in antioxidant enzyme levels, suggesting that A~1~ receptor activation may increases the levels of antioxidant enzymes \[[@B44]\].

Increase in nitric oxide (NO)
-----------------------------

There have studies showing that adenosine may increase the levels of NO to produce cardioprotective effects. Furthermore, there have been studies showing that increase in nitric oxide may be important in preconditioning-induced cardioprotection \[[@B45]\]. Takano and his coworkers demonstrated that on pretreatment with CCPA (A~1~ receptor agonist) or IB-MECA (A~3~ receptor agonist), 24 h before 30 min of coronary artery occlusion and 72 h of reperfusion in conscious rabbits reduced the infarct size. However, administration of L-NA (nitric oxide synthase inhibitor) immediately before 30 min of occlusion, selectively abrogated the infarct limiting effect of CCPA, not of IB-MECA, suggesting that A~1~ receptor activation induced cardioprotective effect is elicited via NOS activation and increased NO production \[[@B19]\]. There have been earlier studies suggesting that adenosine receptor activation increases NO production. Li et al reported that treatment of human iliac arterial endothelial and porcine carotid arterial endothelial cells with CGS-21680 (A~2A~ receptor agonist) increased the levels of NO in the culture medium. Furthermore, pretreatment with CGS-15943 (A~1~ and A~2A~ receptor antagonist) or ZM-241385 (A~2A~ receptor antagonist) reversed CGS-21680-induced increase in NO levels, suggesting that A~2A~ receptor activation is responsible for an increase in NO production \[[@B46]\]. Vials and Burnstock also reported that adenosine receptor activation increases NO production to produce vasodilation. The authors demonstrated that treatment with CGS-21680 increases the vasodilatory response of NO. Furthermore, prior treatment with L-NAME (nitric oxide inhibitor) inhibited adenosine receptor activation-induced vasodilatory effect of NO \[[@B47]\]. A recent study has shown that adenosine prevents cold-induced injury to the cultured human cardiac microvascular endothelial cells by increasing eNOS phosphorylation at serine 1177 position and NO production and \[[@B30]\]. Another recent study has shown that pharmacological preconditioning with A1 receptor agonist, N6-cyclohexyl adenosine (CHA), led to increase in eNOS phosphorylation and conferred cardioprotection in mice heart. Moreover, there was an increase in the levels of S-nitrosothiols proteins, formed by NO-mediated nitrosylation of proteins. It suggests that adenosine may increase the production of NO to trigger cardioprotection \[[@B48]\].

Functional interaction with opioid receptors
--------------------------------------------

There have been studies showing that opioid receptors may be involved in adenosine-induced cardioprotection. Surendra et al. demonstrated the functional interaction of δ and κ opioid receptors with adenosine A~1~ receptors in remote ischemic preconditioning-induced cardioprotection. The plasma dialysate obtained from rabbits after application of remote preconditioning stimulus protected isolated cardiomyocytes from ischemic injury. Furthermore, administration of δ and κ opioid receptor agonists also produced cardioprotection. Administration of A~1~ receptor antagonist blocked plasma dialysate and opioid receptor activation-induced cardioprotection. Moreover, authors conducted the immunoprecipitation studies to demonstrate the physical molecular association between A~1~, δ and κ-opioid receptors. Based on these results, it was proposed that the cardioprotective effects of adenosine are mediated through their functional interaction with opioid (particularly δ and κ) receptors \[[@B22]\].

Another study described that adenosine preconditioning-induced cardioprotective effects in ischemia reperfusion injury are mediated through opioid receptors. Administration of adenosine (10 µM) was shown to provide cardioprotection against ischemia reperfusion injury in normal rats. However, at this dose, adenosine failed to protect diabetic rat hearts from ischemic injury. Nevertheless, co-administration of dipyridamole (adenosine reuptake blocker) restored the cardioprotective effects of adenosine preconditioning in diabetic rats. The lack of cardioprotective effects of adenosine in diabetic rats may be possibly due to reduction in adenosine availability. Dipyridamole-mediated increase in adenosine availability may be responsible for restoring the cardioprotective effects of adenosine preconditioning in diabetic rats. Pretreatment with naloxone (opioid receptor antagonist) abolished the cardioprotective effects of adenosine preconditioning in normal rats and adenosine + dipyridamole in diabetic rats suggesting that adenosine preconditioning-mediated cardioprotection is mediated through activation of opioid receptors \[[@B49]\]. Lee et al. described that there is a cross-talk between opioid and adenosine receptors in remifentanil preconditioning-induced cardioprotection. The authors demonstrated that the protective effects of remifentanil were abolished by antagonists of opioid, A~1~ and A~2B~ receptors suggesting the interrelationship between opioids and adenosine \[[@B50]\]. An earlier study also described the interaction between spinal mu-opioid receptors and adenosine in remote conditioning \[[@B51]\]. A recent study has also shown an inter-relationship between opioids and adenosine in remote preconditioning-induced cardioprotection. In this study, remote preconditioning of trauma was shown to increase the release of adenosine in the spinal cord and administration of mu-opioid receptor antagonist abolished these effects \[[@B52]\].

Decrease in inflammation
------------------------

Inflammation is very well documented to participate in myocardial injury and preconditioning-induced cardioprotection is associated with decrease in inflammation \[[@B53]\]. Adenosine-induced cardioprotection may also be possibly related to decrease in inflammation. A study from our laboratory documented the similarities in remote preconditioning and adenosine preconditioning-induced cardioprotection. Pharmacological preconditioning with adenosine produced cardioprotective effects in a similar manner to remote preconditioning. However, pretreatment with CGRP (calcitonin gene related peptide) release blocker and TRPV (Transient receptor potential vanilloid) inhibitor attenuated remote preconditioning and adenosine preconditioning-induced cardioprotection \[[@B16]\]. TRPV channels are expressed on sensory nerve terminals and these channels participate in releasing CRRP \[[@B54]\]. Therefore, it may be suggested that adenosine produces cardioprotection through activation of TRPV channels, with consequent release of CGRP. It has been demonstrated that TRPV channels inhibits inflammation and apoptosis via release of CGRP during ischemia reperfusion injury in rat hearts \[[@B55]\]. Furthermore, studies from our laboratory have also documented that activation of TRPV channel is important in remote preconditioning-induced cardioprotection \[[@B56][@B57]\].

There have a number of studies showing the anti-inflammatory actions of adenosine preconditioning \[[@B58][@B59]\]. It is reported that adenosine reduces inflammatory response via regulation of A~1~ receptors and A~2~ receptors. It was reported that adenosine initially activates pro-inflammatory A~1~ receptors followed by induction of anti-inflammatory A~2B~ receptors. Moreover, pharmacological preconditioning with CCPA (A~1~ receptor agonist) was shown to sensitize the A~2A~ receptors and decrease the levels of inflammatory mediators \[[@B58]\]. Nakav et al. also demonstrated that administration of A~1~ receptor agonists to mice reduces the expression of A~1~ receptor and induces the expression of A~2A~ receptors on peritoneal mesothelial cells. Furthermore, preconditioning with A~1~ receptor agonist decreased *E. coli*-induced increase in the levels of TNF-α, IL-6 and reduced recruitment of leukocytes suggesting anti-inflammatory actions of adenosine preconditioning \[[@B59]\]. A recent study has shown that pretreatment of mice with BAY60-6583 (selective A~2B~ receptor agonist) decreases the recruitment of inflammatory cells in heart to confer cardioprotection against ischemia-reperfusion injury \[[@B38]\].

Activation of intracellular kinase signaling pathway
----------------------------------------------------

Kinases serve as important signal transduction pathways in conveying the extracellular signal initiated by preconditioning to inter-cellular targets of cardioprotection. Adenosine preconditioning may activate different kinases to trigger cardioprotection:

**Activation of Protein Kinase C (PKC):** The studies have shown that adenosine preconditioning may activate PKC signaling pathway to trigger cardioprotection. It has been demonstrated that pharmacological preconditioning of male mice CCPA (adenosine A~1~ receptor agonist) (100 µg/kg *i.v.*) induces cardioprotective effects via activation of PKC-δ. CCPA reduced the infarct size, creatine kinase level and improved the left ventricular developed pressure and rate-pressure product in hearts subjected to 40 min of ischemia and 30 min of reperfusion on Langendorff\'s apparatus. Pretreatment with rottlerin (PKC-δ inhibitor) (50 µg/kg *i.p.*) abolished the cardioprotective effect of CCPA, revealing that A~1~ receptor agonist produces its cardioprotective effect via activating PKC-δ. Furthermore, immunoblotting assay showed that PKC-δ was increased after 24 h of CCPA treatment, suggesting that CCPA induces cardioprotective effect via PKC-δ during late phase of pharmacological preconditioning \[[@B23]\]. Dana et al. also demonstrated in rabbits that A~1~ receptor activation produces cardioprotective effects via activation of PKC. Pretreatment of rabbits with CCPA (100 µg/kg), 24 h before 30 min of regional ischemia and 2 h of reperfusion, reduced myocardial infarct size. Prior administration of chelerythrine chloride (PKC inhibitor) (5 mg/kg) abolished the infarct limiting effect of A~1~ receptor agonist suggesting that A~1~ receptor activation produces cardioprotective effect through PKC \[[@B24]\].

Another study has demonstrated that activation of adenosine receptors activate PKC (particularly PKC epsilon) to induce cardioprotection. Adenosine was shown to increase the translocation of PKCε to mitochondria as there was significant increase in PKCε-positive mitochondria in rat cardiomyocytes treated with adenosine. Furthermore, PKC inhibitor (chelerythrine) significantly prevented adenosine-induced increase in PKCε-positive mitochondria \[[@B60]\]. Recently, it has been reported that there is an increase in the levels of adenosine in the spinal cord along with activation of PKCε during remote preconditioning again suggesting the inter-relationship between adenosine and PKCε \[[@B52]\].

**Protein Kinase B or Akt:** Protein kinase B (also known as Akt) is a serine/threonine-specific protein kinase and it has been shown to play a key role in ischemic preconditioning-induced cardioprotection \[[@B61]\]. Moreover, it is also proposed that adenosine preconditioning also promotes Akt phosphorylation to trigger cardioprotection. Tian et al. reported that administration of BAY60-6583 (selective A~2B~ receptor agonist), before 40 min of ischemia and 60 min of reperfusion, significantly reduced the myocardial infarct size by increasing the levels of phosphorylated form of Akt (p-Akt) and decreasing macrophage and neutrophils infiltration in reperfused hearts. However, pretreatment with ATL-801 (selective A~2B~ receptor antagonist) or wortmannin, a selective phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) inhibitor, abrogated BAY60-6583-induced increase in p-Akt levels, influx of inflammatory cells and myocardial infarct size. PI3K belongs to the family of intracellular signal transducer enzymes and it may promote phosphorylation of Akt to induce its activation. Therefore, it may be proposed that activation of A~2B~ receptors activates PI3K to promote Akt phosphorylation, which in turn may decrease influx of inflammatory cells to prevent cardiac injury \[[@B38]\]. Recently, it has been reported that pretreatment with N6-cyclohexyladenosine (A~1~ receptor agonist) significantly increases Akt phosphorylation in mouse heart to trigger cardioprotection against ischemia-reperfusion injury \[[@B48]\].

**Activation of Mitogen Activated Protein Kinase (MAPK) and MAPK kinases (MEK):** MAP kinases (MAPK) also belong to the family of serine/threonine-specific protein kinase and different members of MAP kinase family include extracellular signal-regulated kinases (ERK), p38 MAP kinases and JNKs (c-Jun N-terminal kinases). Mitogen-activated protein kinase kinase (also known as MEK or MAPKK) is a kinase enzyme which phosphorylates and activates MAP kinase. The studies have the key role of MAP kinases and MEK in ischemic preconditioning-induced cardioprotection \[[@B62][@B63]\]. Scientists have also suggested that adenosine-induced activation of MAP kinase signaling may also be important in inducing cardioprotective effects. Zhao et al. demonstrated that preconditioning with CCPA, A~1~ receptor agonist (0.1 mg/kg), 24 h before 30 min of ischemia and 30 min of reperfusion on Langendorff\'s system reduced the post-ischemic infarct size and increased the phosphorylation of p38-MAP kinase. Pretreatment with SB-203580 (p38-MAPK inhibitor) attenuated CCPA-induced phosphorylation of p38-MAPK, suggesting that A~1~ receptor activation induces p38-MAPK phosphorylation. Furthermore, authors also demonstrated that pretreatment with 5-HD (K~ATP~ channel blocker) also inhibited CCPA-induced phosphorylation of p38-MAPK, proposing that A~1~ receptor activation induces p38-MAPK phosphorylation through K~ATP~ channel activation \[[@B26]\]. On the similar lines, Ballard-Croft et al. documented that treatment of rats with AMP-579 (50 µg/kg *i.v.*) (A~1~/A~2A~ receptor agonist) reduced the ischemia-reperfusion induced increase in infarct size and increased the phosphorylation of p38-MAP kinase in nuclear fractions. However, pretreatment with SB-203580 (p38-MAPK inhibitor) abolished the p38-MAP kinase phosphorylation and infarct limiting effect of AMP-579, suggesting that A~1~/A~2A~ receptor activation induces p38-MAPK phosphorylation to confer cardioprotection \[[@B27]\]. Another study also reports that preconditioning with AMP579 (A~1~ and A~2B~ receptor agonist) attenuates myocardial stunning in pigs through activation of p38 MAP kinase \[[@B64]\]. An earlier study of Dana et al. also reported an increase in p38-MAPK activity following treatment with CCPA. However, pretreatment with chelerythrine chloride (PKC inhibitor) or lavendustin A (tyrosine kinase inhibitor) abrogated CPA-induced increase in p38-MAP kinase activity. It suggests that adenosine A~1~ receptor activation may increase p38-MAP kinase activity, possibly through modulation of PKC and tyrosine kinase pathway \[[@B24]\].

Germack and Dickenson reported that preconditioning of neonatal rat cardiomyocytes with CPA (A~1~ receptor agonist) and CI-IB-MECA (A~3~ receptor agonist) protects ischemia-reperfusion injury by activating MEK 1/ERK signaling pathway. Pretreatment with MEK 1 inhibitor (PD 98059) was shown to suppress the cardioprotective effects of adenosine agonists, suggesting that adenosine induces cardioprotection via activation of MEK 1 pathway. Furthermore, treatment with CPA and CI-IB-MECA enhanced phosphorylation of ERK 1/2, suggesting that A~1~ and A~3~ receptors-induced activation of MEK 1 phosphorylates ERK 1/2 to trigger cardioprotection \[[@B25]\]. Another study demonstrated that preconditioning effects of AMP-579 (A~1~/A~2~ receptor agonist) and CGS-21680 (A~2A~ receptor agonist) on rabbit hearts was abrogated in the presence in PD 98059 (MEK 1 inhibitor) suggesting that adenosine confers cardioprotection via activating MEK pathway \[[@B65]\]. William-Pritchard et al. demonstrated that adenosine preconditioning-induced increase in phosphorylation of ERK 1/2 is dependent of activation of EGFR (epidermal growth factor receptor) and MMP (matrix metalloproteinase). It was shown that CCPA (A1 receptor agonist)-induced cardioprotective effects and ERK 1/2 phosphorylation are abolished in the presence of EGFR inhibitor (AG 1478) or MMP inhibitor (GM 6001) confirming that adenosine may activate EGFR and MMP to increase ERK 1/2 phosphorylation and confer cardioprotection \[[@B28]\].

DISCUSSION
==========

Ischemic, remote and pharmacological preconditioning are powerful tools to attenuate myocardial ischemic injury and there have been a number of studies documenting the key role of adenosine in ischemic \[[@B29]\] and remote preconditioning-induced cardioprotection \[[@B15]\]. During preconditioning stimulus, ATP is hydrolyzed in the presence of nucleotidase to give rise to adenosine, which acts on different adenosine receptors *viz* . A~1~, A~2A~, A~2B~ and A~3~ located on different portions of heart. However, majority of studies have documented the more predominant role of A~1~ and A~3~ receptors in mediating cardioprotective effects of adenosine \[[@B17][@B18]\]. Activation of adenosine may activate plethora of signaling cascade, which may either independently or in association with one another may confer cardioprotection against ischemia reperfusion injury ([Fig. 1](#F1){ref-type="fig"}). Activation of adenosine receptors may preserve the expression of K~ATP~ channels on the surface by attenuating ischemia-induced decrease in sarcolemmal K~ATP~ channel expression and internalization of K~ATP~ channels to endosomal compartments \[[@B42]\]. The opening of K~ATP~ channels may trigger a number of cardioprotective pathways including activation of p38 MAP kinase \[[@B26]\]. Adenosine-induced increase in translocation of PKC to mitochondria with subsequent activation of PKC may also be critical mechanism in activating p38 MAP kinase \[[@B24]\]. p38 MAP kinase is a crucial pro-survival kinase and its activation imparts cardioprotection during different forms of preconditioning \[[@B27][@B66]\].

Various studies have documented the functional and physical interaction between adenosine and opioid receptors. Indeed, there is a cross-talk between these receptors in inducing cardioprotective effects \[[@B50][@B51][@B52]\]. It has been documented that adenosine may activate opioid receptors to induce cardioprotection during preconditioning \[[@B22][@B49]\]. It is also possible that opioid receptors activate PI3K enzyme and increase Akt phosphorylation, which subsequently causes activation of ERK 1/2 to trigger cardioprotection \[[@B67]\]. Adenosine preconditioning-induced activation of PI3K-Akt pathway is very important in reducing recruitment of inflammatory cells in heart during ischemia-reperfusion phase \[[@B38]\]. Moreover, adenosine may also increase the levels of antioxidant enzymes including SOD, catalase, and glutathione peroxidase to decrease the burden of oxidative stress during ischemia reperfusion \[[@B43]\]. Adenosine-induced increase in anti-oxidant enzymes may also help in attenuating inflammation-induced myocardial injury. The study from our laboratory suggests that adenosine preconditioning or remote preconditioning stimulus may activate TRPV channels, which may subsequently release CGRP to confer cardioprotection \[[@B16]\]. It is well documented that activation of TRPV and release of CGRP during preconditioning phase may reduce inflammatory reactions during sustained ischemiareperfusion phase \[[@B55]\]. Furthermore, adenosine preconditioning may trigger NOS phosphorylation to increase its activity, which subsequently increases NO production \[[@B30]\]. NO may increase nitrosylation of proteins to increase the levels of S-nitrosothiols, which helps in attenuating myocardial injury during ischemia reperfusion \[[@B48]\].

CONCLUSION
==========

Adenosine preconditioning is a powerful tool in inducing cardioprotection and adenosine may predominantly activate A~1~ and A~3~ receptors to trigger different cardioprotective signals. These pathways include increase in opening of K~ATP~ channels and PKC activation to increase p38MAP kinase activity; activation of opioid receptors to activate PI3K-Akt pathway to decrease inflammation and activate ERK 1/2; activation of TRPV to release CGRP to decrease inflammation; increase in antioxidant enzymes and increase in NO production to increase the levels of S-nitrosothiols.
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